The strut-and-tie model has become an effective design methodology for deep beams replacing the conventional beam theory that does not apply to these members due to their geometric or static stress discontinuities. This article examines the applicability of shear models for deep beams with lightweight aggregate concrete. Eight lightweight aggregate concrete deep beams were constructed and tested to failure under concentrated loading. Tests were conducted to investigate the effects of shear span-to-effective depth ratio (a/d), ranging from 0.26 to 1.04, and an effective span-depth ratio (l e /h), ranging from 2 to 3, on the failure mode and shear behavior of deep beams. All specimens presented a shear compression or shear-flexure failure mode. Failure from the flexure mode showed a dominant pattern with increasing a/d. The l e /h value minimally influenced the diagonal cracking and ultimate strength of deep beams. In contrast, a/d significantly affected the beam strength. Our results were compared with predictions proposed by American Concrete Institute 318-14, Canadian Standard, EC2, the Tan and Cheng model, the softened strut-and-tie model, and the simplified softened strut-and-tie model, which are all based on the strut-and-tie model. These comparisons indicated that all of these shear methods can be used to predict the shear strength of lightweight aggregate concrete deep beams.
Introduction
Deep beams with small shear span-to-effective depth ratios (a/d ł 2.5) or effective span-depth ratios (l e /h ł 4) (ACI Committee 318, 2014) have a wide range of applications as transfer girders in tall buildings, pile caps in foundations, or bridge girders in offshore structures (Teng et al., 2000) . The shear spans of deep beams are categorized as typical D-regions where D stands for discontinuity or disturbed; for these regions, the strain distribution across section is nonlinear (Schlaich et al., 1987) . The conventional plane cross-section assumption of ''plane sections remain plane'' cannot be applied because of the geometric or static stress discontinuities of the D-region members. Since the 1950s, many researchers systematically conducted a series of shear tests to investigate the shear behavior of concrete beams (Kani et al., 1979; Kong et al., 1970; Ramakrishnan and Ananthanarayana, 1968; Smith and Vantsioti, 1982) . However, the observed complicated behavior of deep beams through experimental studies indicated that the specific design models need to be developed.
The strut-and-tie model (STM), as an advanced shear design model, idealizes the discontinuity regions as diagonal compressive struts between the loading and support points, which can largely simplify analysis and design of structural concrete (Muttoni et al., 1997) . The concepts of STM are originally derived from the truss analogy and diagonal compression field theory. The truss analogy proposed by Ritter (1899) and Mo¨rsch (1909) was first developed on the basis of intuition and without a theoretical basis and was then brushed up by Schlaich et al. (1987) through providing some guidelines for such models and their practical application. While the diagonal compression field theory was introduced by Mitchell and Collins (1974) , it was developed by Vecchio and Collins (1986) to predict the plastic behaviors of compressive strut in STM in cracked concrete fields.
In the last 30 years, the STM has been widely adopted in the analysis and design of deep beams and recommended by many codes because it can effectively predict the shear strength of deep beams and other members with discontinuities. The American Association of State and Highway Transportation Officials (AASHTO) (2007) load resistance factor design (LRFD) (2007) and the American Concrete Institute (ACI) 318 accepted STM as a design standard in 1994 and 2002, while both the Canadian Standard (CSA Committee A23.3, 2004) and the Eurocode (Eurocode 2, 2004) recommended the STM as a design method for members with discontinuity regions. In these codes, the shear strength of a deep beam can be determined by the compressive strength of the nodal regions, the compressive strength of the direct strut, and the force in the primary tension tie.
STM has been a research topic for long time, and a series of modified or simplified shear design models based on the STM have been proposed by many researchers recently. Tan and Cheng (2006) proposed a STM-based shear model considering the size effect of deep beams. The softened strut-and-tie model (SSTM) was established by Hwang et al. (2000) , taking into account the softening effect on a concrete strut under a top compression load. An iterative algorithm was adapted in the SSTM to calculate the shear strength of beams, although it is not convenient for practical applications. Lu et al. (2013) introduced a simplified softened strut-and-tie model (SSSTM), which replaced the iterative algorithm of the SSTM with simplified horizontal and vertical tie indices to facilitate the calculation procedure. In addition, Mau and Hsu (1989) , Ashour (2000) , Russo et al. (2005) , and Yang and Ashour (2011) also proposed different shear models for deep beams.
Although a great deal of research has been conducted on the STM, only a few experimental investigations on deep beam shear models using lightweight aggregate concrete (LWAC) have been performed. Because the geometry and dimensions of deep beams are considered to be larger than other types of beams, lightweight materials have been used instead of the normal weight concrete (NWC) to reduce the dead load of deep beams. In recent years, LWAC, having lower permeability and higher thermo-insulating capacity, has been extensively used as a lightweight building material because LWAC can effectively reduce the dead load and dimensions of elements and improve the seismic resistance capacity of building structures (Bogas and Gomes, 2013; Gao and Zou, 2015; Gesog˘lu et al., 2004; Ma et al., 2013) . However, the accuracy of the STM for predicting the shear strength of LWAC is unreliable because of its brittle character. Based on an experimental investigation of 16 LWAC deep beams, some made of sand-lightweight concrete and others made of alllightweight concrete, Yang (2010) compared the shear strength measurements of lightweight concrete (LWC) and NWC deep beams determined using the STM models proposed by ACI 318-08, CSA, Eurocode 2 (EC2), and the Tan and Cheng model. In all four STMs, the NWC deep beams demonstrated higher shear strength than that of the LWC specimen; in particular, the Tan and Cheng model overestimated the shear strength of LWC deep beams. However, it is difficult to comprehensively understand the issue with such limited amount of information.
This article examines the shear strength and behavior of LWAC deep beams based on the experimental and analytical studies that we have conducted. The experimental program included eight specimens that were designed with different shear span-to-effective depth ratios, a/d, and effective span-depth ratios, l e /h. To verify the applicability of the LWC deep beam models and increase the knowledge in this field, the differences between the test results and the predictions of ACI 318-14, CSA, EC2, SSTM, SSSTM, and the Tan-Cheng model have been analyzed.
Experimental program

Materials
All LWAC deep beams were cast using similar mixture proportions. Expanded shale granules with a maximum size of 16 mm were used as the lightweight coarse aggregates. This granular material features a spherical particle shape with a porous structure. Natural sand with a fineness modulus of 2.7, a density of 2.62 g/cm 3 , and absorption capacity of 1.6% was collected from the local river and used as the fine aggregate. A combination of ordinary Portland cement, 42.5 R, and fly ash was also used. Table 1 provides the components of the readymixed LWAC. All the components were mixed using 2.7% of a high-range water-reducing admixture (HRWRA) along with tap water to achieve a watercement ratio of 0.36. The expanded shale aggregate having special water absorption properties should be pre-wetted separately before mixing with the rest of the materials to maintain a uniform water volume fraction. All materials were mixed in a standard forced mixer. Three 100-mm test cubes and six 150-mm diameter 3 300 mm concrete cylinders were constructed from the same concrete batch and cured at room temperature with each beam for 30 days. Both the test specimens and beams were cured for the same number of days in a controlled environment to make the effect of age on the concrete strength as small as possible.
The following values were obtained from the experiment: cylinder and cube compressive strength ( f 0 c and f cu , respectively); splitting tensile strength, f sp ; tensile strength, f t ; and elastic modulus, E c . Table 1 summarizes the LWAC properties.
Three kinds of hot-rolled steel bars were used in the test. The main tensile and horizontal shear reinforcements were HRB400 patterned steel bars with diameters of 20 mm (C20) and 10 mm (C10), while the vertical shear reinforcements were HPB300 plain bars with diameters of 8 mm (A8). A longitudinal reinforcement ratio, r, of 0.9% was employed for all beams. Three samples, having lengths of 450 mm, of each bar size were used to determine their actual tensile properties, which are presented in Table 2 . Due to the different steel grades, HRB400 and HPB300 steel exhibit different elastic modulus. Figure 1 shows the geometrical properties and reinforcement details of the specimens. Eight full-scalereinforced LWAC deep beams were constructed and divided into two groups according to beam span. Group I consisted of four beams with a total length of 1250 mm and Group II consisted of four beams with a total length of 1750 mm. All beams had the same beam depth (500 mm) and beam width (130 mm). Loading and support plate lengths were identical to the beam width. Local reinforcement cages were provided at the locations of loading and support points to prevent the premature crushing of concrete. An overhanging length of 125 mm beyond the support points on each side was provided as anchorage length for all of the beams to avoid premature bond anchorage failures prior to shear failures. Details of the test specimens are shown in Table 3 . The specimens were designated as follows: DB refers to deep beam; the first set of numbers, 1 or 2, refers to the groupings of the beams; the second set of numbers, 0.26, 0.52, 0.78, or 1.04, indicates the shear span-to-effective depth ratio, a/d; and the third set of numbers, 2 or 3, refers to the effective span-depth ratios, l e /h.
Specimen preparation
Instrumentation and test procedures
All beams were tested to failure using a hydraulic actuator with a 2000 kN capacity. The experimental setups for specimens DB1-1.04-2 and DB2-1.04-3 are shown in Figure 2 . Only specimen DB1-1.04-2 was tested under the one-point monotonous top load, whereas other beams were all tested under the twopoint symmetrical top loads by using a steel spreader beam to separate two equal loads. Each beam specimen was supported on one hinge at one end and one roller support at the other end. Simultaneously, the spreader beam was also supported by a pin and a roller located on top of the beam.
The load-control mode was employed at increments of 30 kN until the total load had nearly reached the cracking load predicted from finite element analysis. LG, and S refer to water, ordinary Portland cement, lightweight coarse aggregate, and natural sand, respectively; w/c is the water-cement ratio by weight; S/A is the fine aggregate-to-total aggregate ratio by volume; and r is the dry density of hardened concrete. f y is the yield strength, f u is the ultimate strength, and E s is the elastic modulus, HRB400 of steel bar types denote the characteristic value of strength for hot-rolled ribbed steel bar is 400 MPa, and HPB300 of steel bar types denote the characteristic value of strength for hot-rolled plain steel bar is 300 MPa.
Thereafter, the load increments were decreased to 10 kN and maintained at each loading stage for 3 min to observe diagonal cracks that occurred on the surface of the beams. After cracking, the increments were increased to 30 kN until failure. Two handheld microscopes were used to detect the development of cracks and measure the crack widths after each loading step. Three linear variable differential transducers (LVDTs) were used to measure the vertical deflections at midspan and loading points. Electrical resistance strain gauges (ERSs) were adopted to measure the strain in the reinforcement and on the concrete surface. The ERSs, having 5 mm gauge length, were evenly bonded to the longitudinal reinforcement along the effective span. The ERSs mounted on the web reinforcement were at various locations in the shear span region. Four ERSs of 60-mm gauge length were bonded to the concrete surface in the vertical direction at the midspan to capture the horizontal strain of the concrete, while another six ERSs were mounted on the concrete surface in the direction of the diagonal strut on one side of the beam (Figure 3) .
Test results and discussion
Crack patterns and failure modes
The crack patterns at failure of the two groups of specimen with different l e /h values are illustrated in Figure 4 . The total loads at which each crack was first observed and the extent of cracks at each load are also plotted in this figure. The cracks that were marked boldly were regarded as the cause of the immediate failure of the beams.
At the initial loading, the shear force was mainly sustained by the concrete, and the stress on the steel bars was relatively low. Thereafter, fine vertical flexural cracks with widths of approximately 0.02 mm first formed in the midspan region as the applied load increased. With the continued increases of load, additional flexural cracks were observed in the pure bending zone, and the length of the vertical flexural cracks quickly increased to half of beam height. At same load level, the first diagonal crack, having a width of approximately 0.04 mm, started at h/3 on the bottom face of the specimens within the shear span. As the load continued to increase, new diagonal cracks developed and propagated simultaneously toward the loading and support points. Until the maximal width of the diagonal cracks expanded to 0.2 mm, the flexural cracks that formed earlier had stabilized and stopped propagating. During the test program, there were no premature failures arising from an anchorage failure of longitudinal reinforcement or from a bearing failure at the loading or support points. As expected, all the beams exhibited significant reserve strength after the diagonal cracks had extensively developed within the shear span zone, and an arch was formed. Two main failure modes were observed: shearcompression failure and shear-flexure failure, as summarized in Table 4 . For specimen DB1-0.78-2, failure occurred in the shear-compression mode, which is characterized by the brittle and sudden crushing of the concrete below the lower end of the diagonal cracks, and it was accompanied by a loud noise (Figure 5(a) ). Seven beams failed in the shear-compression mode, confirming that this type of failure mode is the most prevalent. As the shear span-to-effective depth ratio, a/d, increased, the flexure failure mode became more apparent in both of the beam groups. For example, specimen DB2-1.04-3, initially exhibited the flexure mode such that the significant flexure cracking appeared, but the beam eventually failed in a shear mode ( Figure 5(b) ). The failure of specimen DB2-1.04-3 was delayed until vertical flexural cracks in the pure bending zone had fully developed, indicating better ductility.
Load-deflection response
The load versus midspan deflection curves for specimens with a/d = 0.26, 0.52, 0.78, and 1.04 are shown in Figure 6 (a). All specimens exhibited a relatively linear load-midspan deflection during the initial stage. In addition, the stiffness of specimens was dominated by the development of diagonal cracks rather than vertical flexural cracks in the region of the maximum moment, and the beam deflections sharply increased after the development of diagonal cracking within the shear spans. By comparing the test beams with similar a/d values, it was observed that the slope of the loadmidspan deflection curves appeared to be lower as the l e /h values increased, indicating a correlation between stiffness reduction and l e , as expected. The load-midspan deflection curves were plotted in groups to characterize the influence of a/d on the structural response of specimen (Figure 6(b) ). In each group, the four beams exhibited similar behavior but apparent decreases in the stiffness response were observed with a higher a/d value. This trend indicates that the effective span-depth ratio, l e /h, and the shear span-to-effective depth ratio, a/d, have a certain effect on the midspan deflections of LWAC deep beams under symmetrical top loading, as expected. The midspan deflections of all beams at failure were measured at less than l e /200, which confirms to the conclusion obtained by Tan et al. (1995) for high-strength concrete deep beams. This further indicated that the deflection of LWAC deep beams was not a critical parameter in the shear design.
Diagonal cracking and ultimate shear strengths
The diagonal cracking strength (V cr ), serviceability strength (V ser ), ultimate shear strength (V u ), and failure modes of all eight deep beams are summarized in Table 4 . In this article, the diagonal cracking strength, V cr , was defined as the shear load at the occurrence of the first diagonal crack or when the length of diagonal crack exceeded half of the beam height. This first diagonal crack was the crack that propagated toward the loading and support points at mid-depth within the shear span. The serviceability strength, V ser , was defined as the shear force as the width of any diagonal crack reached 0.2 mm. Both the diagonal cracking and serviceability strengths were determined using visual observation, which causes the measurements to be less accurate because they depended on the observer's decision. The ultimate shear strength, V u , was determined by the maximum shear force during testing.
The ratio V cr /V u with a mean value of 0.24 represents the arching action efficiency that can be related to reserve strength. A lower V cr /V u ratio means higher reserve strength. The average ratio of V ser /V u was approximately 0.56. Comparing the value of 0.24 for V cr /V u , with the larger mean value of V ser /V u , indicates that the serviceability limit state was delayed after the occurrence of diagonal cracking. This phenomenon was also verified by the fact that all eight LWAC deep beams exhibited higher reserve strength efficiency.
Effect of effective span-depth ratio. Figure 7 shows the variations of the diagonal cracking stress (V cr /bd) and ultimate stress (V u /bd) with the effective span-depth ratio, l e /h. The figures indicate that the l e /h has a certain influence on the diagonal cracking stress. Increasing the l e /h can slightly decrease the diagonal cracking stress. But at a/d = 0.26, increasing the l e /h from 2 to 3 decreased the diagonal cracking stress by 38%. This special result may be attributed to the discreteness of concrete or the subjective reasons during the preparation and test of specimens, that is, (a) the diagonal cracking strength was determined using visual observation, which may result in less accurate measurement; and (b) the test specimens were casted by different students, which may lead to the inconsistent quality of each specimen. On the other hand, as seen in Figure 7 (b), the ultimate shear stress of each specimen exhibited independent of l e /h, but increased rapidly as the a/d was decreased from 1.04 to 0.26.
For the same a/d, the decrease in the diagonal cracking strength as the l e /h increased was attributed to the extension of pure bending zone between two concentrated load points, which requires a longer arch to transmit the shear load to the support points. Under this situation, a longer pure bending span also resulted in the larger midspan deflection under the same total load and the wider flexural cracks. In addition, the increase in a/d contributed to an obvious decrease in the arching action efficiency due to the reduced angle between the inclined strut and the beam axis. This corresponds to the shift of failure mode from shear to shear-flexural as a/d and l e /h increased, as found in specimen DB2-1.04-3, which failed in the shear-flexural mode.
Effect of shear span-to-effective depth ratio. The diagonal cracking and ultimate shear stresses were significantly affected by the shear span-to-effective depth ratio, a/d. The variations of the diagonal cracking and ultimate shear stresses with increasing a/d are plotted in Figure 8 . Generally, increasing a/d decreased the diagonal cracking and ultimate shear stresses. With increasing l e /h, the effect of a/d on the diagonal cracking stress slightly decreased. In addition, decreasing a/d from 1.04 to 0.78 increased the ultimate shear strength by 46% for Group I beams and by 31% for Group II beams. Decreasing a/d from 0.78 to 0.52 also increased the ultimate shear strength by 32% for Group I beams and by 22% for Group II beams. However, decreasing a/d from 0.52 to 0.26 increased the ultimate shear strength by 5.2%-6.5% for specimens in the two groups. This increase in the ultimate shear strength can be explained by the fact that the tied-arch action becomes more effective because of the increased angle between the diagonal concrete strut and the longitudinal axis with decreasing a/d values. Decreasing a/d reduced the distance between loading and support points, enhancing the effectiveness of the arching mechanism because of the direct and convenient transmitting approach.
Reinforcement strain response Figure 9 shows the load versus measured strain curves of bottom longitudinal, horizontal, and vertical shear reinforcements to understand their contribution for the shear resistance capacity of deep beams. Strains in the three types of reinforcement gradually developed at a lower rate before the first diagonal crack occurred. This observation indicates that these types of reinforcement had a minimal influence on the occurrence of diagonal cracks, which were dominated by the shear stresses distributed within the shear span. Before the diagonal cracks occurred, the concrete resisted the main shear force, but after the diagonal cracks occurred, the web reinforcements gradually have a role in resisting the main shear force together with the concrete. After the diagonal cracks were formed, the strains in the reinforcement within shear span increased rapidly and independently of the values of a/d and l e /h. Hence, we concluded that the reinforcement has a significant contribution to the development of the arch-tie action.
As shown in Figure 9 (a), the strain of the main longitudinal reinforcement reached the yield point once the failure of the diagonal concrete strut occurred for beams with a/d ø 0.52, corresponding to the fact that the flexural characteristics of beams become more apparent as the a/d value increases. Simultaneously, with increasing a/d, the beneficial contribution of main longitudinal reinforcement tends to decrease due to the less efficiency of arch action. On the other hand, as seen in Figure 9 (b) and (c), a/d also has a significant influence on the relative effectiveness of vertical and horizontal web reinforcement. In beams with lower a/d, the contribution of horizontal web reinforcement to shear capacity is higher than that of vertical web reinforcement. With increasing a/d, the contribution of vertical web reinforcement largely increased, while the contribution of horizontal web reinforcement gradually decreased. However, it should be noted that, for specimen DB2-1.04-3, the strains in the longitudinal reinforcement, the horizontal and vertical shear reinforcements, reached the yield point at the deep beam failure stage. In addition, specimens with steep strut angles (a/d ł 0.5) exhibited lower amounts of strain in the vertical stirrups than those of the specimens with shallow strut angles (0.5 \ a/d ł 1). This finding is attributed to the fact that the efficiency of arch action is reduced with increasing a/d.
Comparisons with STMs
Code provisions
Three design methods based on the STM were used to compute the ultimate load capacity of beams ( Figure  10 ). The safety and accuracy of the STM methods for shear strength predictions were assessed by comparing the experimental results and the Yang (2010) Based on the STM presented in Figure 10 , the shear strength of deep beams can be calculated as follows
where u s is the angle between the concrete diagonal strut and the horizontal tie. The ACI 318-14 code specifies that u s should not be less than 25°, whereas the Europe code specifies that the value of u s should be between 45°and 70°. F ns is the strength of the concrete strut, which can be determined as follows
where f ce is the effective compressive strength of concrete strut, A ce is the effective cross-sectional area at the midsection of the strut, a is the shear span of beam, and jd is the depth between top and bottom nodes. The values of f ce , A ce , and jd can be approximated as follows
where l is the modification factor to account for use of LWAC, which was given as 1.0 and 0.85 for NWC and LWAC, respectively; b s is the efficiency factor for a prismatic strut with uniform cross-sectional area (Table 5) ; w s is the width of the idealized prismatic strut; and w t and w 0 t are the depths of the bottom and top nodal zones, respectively (Figure 10 ). The depth of the top node, w 0 t , was determined based on the equilibrium of forces within the nodal zones as specified in the three shear design methods (Table 5) . The values of w s can be computed as follows
where (l p ) E and (l p ) p are the width of support and loading steel plate, respectively. According to equations (1) to (7), the shear design equation for LWAC deep beams, considering the shear force transmitted mechanism of arching action, can be determined as follows
The Tan and Cheng model
The STM consideration of the size effect as proposed by Tan and Cheng (2006) can be condensed as follows 
where A c is the area of beam cross section; and j 1 and z 1 are the effective factors accounting for the effect of strut geometry and strut boundary conditions, respectively. f t is the resultant tensile stress and is proposed as follows
where A s and A w are the total cross-sectional area of the longitudinal and shear reinforcement, respectively; f y and f yw are the corresponding yield strength of longitudinal and shear reinforcement, respectively; f 0 c is the compressive strength of standard concrete cylinder, MPa; u w is the angle of inclination of shear reinforcement; and d w is the depth at which shear reinforcement intersects with the diagonal strut (Figure 10 ).
SSTM
The SSTM proposed by Hwang et al. (2000) considers the softening effect of the diagonal concrete strut, originated from the strut-and-tie concept and satisfies the equilibrium, compatibility, and constitutive laws of cracked reinforced concrete. It can be condensed as equations (11) to (16):
Equilibrium conditions
Constitutive laws
Compatibility condition
where V jh and V jv are the horizontal and vertical beam shear forces, respectively; D is the compression force of the diagonal strut; F h is the tension force of the horizontal tie; F v is the tension force of the vertical tie; s d is the average principal stress of cracked concrete in the d-direction; e d and e r are the averaged principal strains of concrete in the d-direction and r-direction, respectively; and e h and e v are the averaged principal strains of concrete in the horizontal and vertical directions, respectively.
SSSTM
The shear strength of deep beams according to the diagonal compression failure was proposed by Lu et al. (2013) and can be calculated as follows
where K h is the horizontal tie factor and K v is the vertical tie factor. The horizontal tie factor can be expressed as follows
where
The vertical tie factor can be expressed as follows
where where K h is the horizontal tie factor with sufficient horizontal reinforcement, f yh is the yield strength of the horizontal reinforcement, F h is the balance amount of horizontal reinforcement force, K v is the vertical tie factor with sufficient vertical reinforcement, f yv is the yield strength of the vertical reinforcement, and F v is the balance amount of vertical reinforcement force.
Comparison of shear design equations
The ultimate shear strengths of the test beams in this study and in the Yang study have been predicted using the three code provisions, and the three described shear design methods based on the STM (Table 6 ). The average ratios of V u,cal /V u,exp from the ACI 318-14, CSA, and EC2 were 0.84, 0.89, and 0.91, respectively, while the corresponding coefficient of variations (COV) were 0.09, 0.20, and 0.13. The results indicate that the accuracies of three code provisions are comparable, and the predictions provide safety for LWAC deep beams with 30 MPa ł f 0 c ł 40 MPa but are slightly conservative. In addition, for predictions obtained from the SSTM and SSSTM, the average ratio of V u,cal /V u,exp was 0.95 with a COV of 0.18 for SSTM while the corresponding values for SSSTM were 0.86 and 0.15, respectively. By taking into account the compatibility condition, the SSTM shows a better prediction capability than the other shear models, but it is inconvenient for use in engineering due to its complicated calculations. However, the predicted accuracy of the SSSTM was similar to those of the three code provisions, and its calculation process is simpler. It should be noted that, for the three code provisions, the SSTM and the SSSTM, the conservatism of predictions increases with increasing a/d. In particular, the SSTM overestimated the shear strength of specimens with a/d = 0.26 in this study. On the other hand, for the Tan-Cheng model, the mean and COV of predictions were 0.84 and 0.16, respectively. Table 6 shows that the Tan-Cheng model can accurately consider the size effect and predict the shear strength of specimens with f 0 c ¼ 33 MPa, but its conservatism of predictions increased with increasing f 0 c . Our results show that all six of the aforementioned shear models can be used to predict the shear strength of LWAC deep beams.
Conclusion
The shear strength and behavior of eight LWAC deep beams have been investigated and our results presented. The test variables included the effective span-depth ratio, l e /h, and the shear span-to-effective depth ratio, a/d. The shear strengths of the tested beams were analyzed using six shear design methods, all of which are based on the STM: ACI318-14, CSA, EC2, SSTM, SSSTM, and the Tan-Cheng model. The main findings of this study can be summarized as follows:
1. Two typical failure modes occurred in all eight beams: shear-compression failure and shearflexure failure. Flexure rather than shear becomes the dominant failure pattern with increasing a/d. The l e /h value had little effect on the diagonal cracking and ultimate strength of deep beams, whereas the a/d value had a significant effect on beam strength. 2. The failure plane of LWAC within a shear span is significantly different from that of NWC. In LWAC, the failure plane occurred both at the aggregate boundary and across the aggregate itself, while it mainly occurs in NWC at the aggregate boundary. 3. The stiffness reduction after diagonal cracks had formed became more significant and exhibited more brittle characteristics as the a/d decreased. 4. At the initial loading stage, the shear capacity of deep beams was mainly sustained by the concrete, and the stress on the longitudinal reinforcement was relatively low. With increasing a/d and l e /h values, the contribution of the concrete strut and the main longitudinal reinforcement tie gradually decreased, while the contribution of the vertical web reinforcement gradually increased. The effect of horizontal web reinforcement is slightly decreased with the higher a/d and l e /h during the test. In addition, the evenly distributed horizontal web reinforcement plays an important role in mitigating diagonal cracking and guaranteeing strength conservation. 5. All of the six shear models (which are based on the STM) discussed in this article can be used to predict the shear strength of LWAC deep beams, and their accuracies are comparable. In particular, the SSTM had a better prediction capability than the other shear models, but the complicated calculation procedure makes its application in engineering rather inconvenient. The Tan and Cheng model can accurately consider the size effect, but its conservatism of prediction was slightly proportional to f 0 c .
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